Introduction
Phagocytosis, the mechanism by which large particles are internalized, leads to the formation of phagosomes, a specialized organelle in which the engulfed material is degraded (1, 2) . In mammals, various cells including macrophages, neutrophils and dendritic cells display remarkable phagocytic activities, rapidly eliminating microorganisms, foreign inert particles, and apoptotic cells. The killing of microorganisms by professional phagocytes precludes the emergence of infectious diseases. This innate immune process is followed by the degradation of microbes in a highly concentrated mixture of hydrolases, activated by the acidic pH generated in the phagosome lumen, generating antigenic peptides that are displayed at the cell surface, enabling their recognition by T lymphocytes (3). The peptides not loaded on MHC molecules are fully degraded in phagolysosomes and the end products are likely recycled from phagosomes by a variety of transporters (1) . The establishment of these functional properties involves a complex remodeling of phagosomes, referred to as phagolysosome biogenesis (4, 5) . This highly regulated process requires the fusion of nascent phagosomes with trans Golgi-derived vesicles, early endosomes, late endosomes and ultimately lysosomes (1, 2) . These fusion events are believed to alter significantly the proteome of phagosomes during phagolysosome biogenesis and regulate their functional properties (6) .
The capacity to kill and degrade microbes is one of the many functions that phagosomes acquire during phagolysosome biogenesis. In a previous study, we identified more than 140 proteins associated with phagosomes (7), leading to the proposal of novel mechanisms to explain phagosomal functions such as antigen cross-presentation (8) . This proteomics study also shown the presence on phagosomes of proteins known to segregate into lipid rafts at the cell surface, 5 such as flotillin-1 and prohibitin, leading to the proposal that membrane microdomains might also assemble on phagosomes. At the plasma membrane, these structures constitute foci of specialized functions, notably for signal transduction (9) . Further biochemical and morphological analyses confirmed the presence of membrane microdomains on phagosomes (10) . The role of membrane microdomains and the molecular nature of these structures in phagosomes is still poorly understood. Recent data indicated that two phagosomal protein complexes, V-ATPase and NADPH oxidase may use membrane microdomains as assembly platforms (11) .
Furthermore, the potential involvement of phagosome microdomains in innate immunity was highlighted by the finding that at least two unrelated pathogens, the Gram-negative bacteria Brucella and the intracellular parasite Leishmania donovani, target phagosome lipid rafts as a strategy to evade host-defence mechanisms (12) (13) (14) . Hence, the molecular characterization of the detergent-soluble and -insoluble fractions isolated from phagosomes should provide unique insights into the mechanisms used by pathogens to alter the functional properties of this organelle. Different approaches have been used to study membrane microdomains, including imaging techniques such as fluorescence resonance energy transfer (FRET), fluorescence photoactivation localization microscopy (FPALM), as well as cell fractionation procedures using non-ionic detergents to enrich detergent-resistant membrane domains (15) . Imaging approaches highlighted the fact that cholesterol-enriched membrane microdomains are dynamic microscopic structures of less than 20 nm in range. On the other hand, detergent-based fractionation approaches have been extensively used to identify key components of membrane microdomains, including series of signaling factors (16) (17) (18) . Although the exact nature and the level of correspondence of the membrane microdomains studied by the morphological and biochemical approaches is still actively debated, similar sets of proteins have been identified in these structures (15) .
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In the present study we used quantitative proteomics approach to characterize, for the first time, the modifications of lipid rafts proteins occurring during the biogenesis of an intracellular organelle. Our data indicate that segregation of sets of proteins in sub-regions of the phagosome membrane occurs throughout the biogenesis and maturation of phagolysosome, introducing the concept that spatiotemporal reorganization of the phagosome proteome plays a key role in the establishment of the functional properties of this organelle.
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Experimental Procedures
Cell Culture and Phagosome Isolation
The murine macrophage-like cell line J774 was cultured in Dulbecco's modified Eagle's medium high glucose (Sigma) supplemented with 10% heat-inactivated foetal bovine serum, 1% glutamine, 100 units/ml penicillin, and 100 mg/ml streptomycin at 37 °C in a 5% CO 2 atmosphere. Cells were grown to 80% confluence in Petri dishes prior to each experiment. To form phagosomes, J774 macrophages were fed with 0.8 mm blue dyed latex beads (Estapor® Microsphères) diluted 1:50 in culture medium without serum. Cells were allowed to internalize beads for 15 or 30 min at 37 °C. Cells were then washed two times for 5 min at room temperature with PBS to remove non-internalized beads, and were further incubated for increasing periods of time (0 min, 30 min, 240 min) to obtain early and late phagosomes.
Phagosomes were then isolated on sucrose step gradients as described previously (10), a process generating highly purified organelles as demonstrated by western blotting experiments (4, 19) . 
Isolation of phagosome microdomains
Isolated phagosomes (0.15 ml suspension of phagosomes purified from 1.4 x 10 8 cells)
were equilibrated to 1% Triton X-100 on ice by adding an identical volume of TNE buffer containing 2% Triton X-100, and shaken gently 30 min at 4 o C to solubilize phagosomal membranes. Latex beads were then pelleted twice by microcentrifugation (5 min at 15 000 rpm), and the final supernatant containing both the solubilized and the detergent-resistant phagosome 8 components brought to a final concentration of 40% Optiprep TM , by adding 0.6 ml of 60% Optiprep TM stock in TNE buffer. This was poured at the bottom of an Ultraclear centrifuge tube (Beckman). Finally, 3.0 ml of 30% Optiprep TM and 0.6 ml of TNE buffer were layered on top.
After 4 h of centrifugation at 40 000 rpm (SW60 rotor), to float the insoluble membranes, 7
fractions of 0.6 ml were collected from the top. Proteins were then precipitated with methanol/chloroform according to established protocols (20) and resuspended in Laemmli buffer for Western blotting.
Western and slot blotting
For Western blot analysis, an identical amount of phagosomes from each sample was used, based on the latex-bead concentration as indicated above. The protein concentration in the total cell lysate (TCL) and total membranes (TM) was evaluated using the EZQ assay (Molecular Probes) and identical amounts of protein were loaded for Western blot. The mouse anti-Flotillin-1 mAb and the mouse anti-Nicastrin IgG2a were from BD Bioscience, the rabbit anti-Rab5a polyclonal antibody was from Santa Cruz. The 1D4B rat anti-LAMP1 monoclonal antibody was from the Developmental Studies Hybrodoma Bank University of Iowa. NaK ATPase  mouse monoclonal IgG1 was from ABR Affinity BioReagents. RGS19 chicken polyclonal antibody and the Gp91phox was from ABCAM. Monoclonal antibody directed against the N-terminal peptide of human stomatin was a kind gift from Dr. R. Prohaska (21) . To detect the lipid ganglioside GM1, we used slot blotting with HRP-conjugated cholera toxin subunit B from Sigma. MySQL database using Navicat 8 (http://navicat.com/) as graphical user interface. The Venn diagram was generated using BioVenn (26) .
Sample preparation for Protein Mass Spectrometry and Data Analysis
Protein relative abundance was determined using a redundant peptide counting approach (27, 28) . The average value of the redundant peptide counts (RPC) from the three identification cycles was determined at each time-point in fractions 1 and 7. The average RPC values were used to generate heat maps representing the abundance of the identified proteins at the different time-points, either in the total phagosome (average of fraction 1 and fraction 7) or specifically in DRMs (average in fraction 1). Heat maps were generated with MatLab (Mathworks). We Figure 1D ). All these analyses were performed in R (29).
Protein-protein interaction networks
To 
Comparative genomics analysis
To identify the evolutionary origin of MS identified rafts and non-rafts phagosome proteins, comparative genomics and paralogues analyses were applied as performed in (33) except that PhylomeDB version 8 (34) was used and involved 69 taxa (Aedes aegypti, Anopheles
Results
Proteomics and bioinformatics approaches were used to carry out a large-scale characterization of the spatio-temporal changes occurring to proteins during phagolysosome biogenesis. We analyzed phagosomes at three different steps of maturation including early phagosomes (30 min of latex bead internalization), maturing phagosomes (30 min pulse of bead and 30 min chase), and phagolysosomes (30 min pulse and 240 min of chase). Western blot analyses were performed to assess the maturation of phagosomes within the three time points chosen for our study (Fig. 1A ). As expected, the late endosomal/lysosomal markers LAMP1 and Flotillin-1 both increased during phagosome maturation (10), while the cell surface marker Na,KATPase  subunit and the NADPH oxidase gp91phox subunit both decreased with time (35) .
The proteins present in phagosomal membrane microdomains were separated into a Triton X-100-soluble fraction and a Triton X-100-resistant membrane fraction for each time point. This procedure led to the flotation of detergent resistant membranes (DRMs) in fractions 1 and 2 of an OptiPrep TM gradient (see Fig. 1B ), as assessed by the enrichment of Flotillin-1 and the ganglioside GM1. In contrast, Rab5a and Lamp1, two known markers of phagosomes, were not enriched in these fractions and remained with the bulk of detergent soluble membranes (DSMs) at the bottom of the gradient in fraction 6 and 7 (Fig.1B) .
To identify proteins associated with DRMs, the first fraction of the Optiprep TM gradient was analyzed by liquid-chromatography tandem mass spectrometry (LC-MS/MS), while fraction 7 was used to identify proteins associated with DSMs. To be included in the list of phagosomal proteins, a protein had to have a score of 99%, with at least 2 peptides having greater than 95.0% of identification probability (determine by the Protein Prophet and Peptide Prophet algorithm respectively: see Materials and Methods). This approach ensured the selection of highly representative proteins for each sample. Based on these criteria, a total of 18735 peptides matching 883 proteins were identified (Suppl . Table I and II), with a false discovery rate lower than 0.3%. Of these, 427 proteins were found in DRMs at some point during phagosome maturation. Grouping of proteins based on their identification in the different phagosome preparations indicated that a majority of proteins are present in all time points studied (Fig. 1C) .
Measurement of the relative abundance of each phagosomal protein allowed us to determine at which time point and in what part of the membrane (DRMs versus DSMs) any protein reached its maximum abundance level during phagolysosome biogenesis. To measure the relative abundance of proteins, we favored a redundant peptide counting approach (27) used previously to assess maturation events along the biosynthetic pathway (28) . This approach is well suited to compare a high number of conditions and/or samples in a high dynamic range (36) . Redundant peptide counting compares the number of tryptic peptides detected in the mass spectrometer for any given protein in all of the samples. Thus, the presence of a protein in a given sample can be coupled with a value of its relative abundance and compared to the other samples. A correlation matrix (not shown) and a hierarchical clustering analysis of the 18 samples ( Fig 1D) were used to assess the efficiency of the redundant peptide counting approach. The latter analysis, which groups samples according to their level of similarity, led to the efficient clustering of the phagosome preparations according to their time point and their position in the membrane (DRMs vs DSMs), highlighting the reproducibility and specificity of each condition studied.
Furthermore, the validity of the peptide counting approach was highlighted by the fact that several known early and late markers of phagosome maturation were more abundant in the early or late phagosome time point respectively. For example, we observed increasing levels of lysosomal markers, such as LAMP1, LAMP2, LIMP2, Niemann Pick type C2, prosaposin, and Rab7, over time (Suppl. showing that the recruitment of Flotillin-1 to phagosomes occurs late during the maturation process, as shown by both Western blotting and immunofluorescence microscopy (10). These proteins were also present in azurophil granule DRMs where they might play a role in the maintenance of microdomain structure and/or signaling function (39) .
Some of the proteins identified in our phagosome preparations are normally associated to other organelles, including the nucleus (histones, helicases, RNA binding proteins), mitochondria (Cytochrome c oxydase, F1-ATPase, NADH dehydrogenase), and ribosomes (ribosomal subunits). We have shown previously that phagosome isolated by flotation display low levels of contamination (40) . The recent finding that phagosomes extensively interact with autophagosomes (41, 42) suggests that this type of interaction would bring a wide variety of proteins to the phagosome lumen for degradation. Interestingly, we observed that phagosomes isolated from cells displaying high levels of autophagic activity contained higher levels of the aforementioned types of proteins (unpublished observations).
The relative abundance values obtained with the spectral count analyses allowed us to generate "heat maps" highlighting four distinct temporal behaviours (Fig. 2 , Suppl. Table 3 proteins did not show significant variation during maturation and were classified as "stable".
When considering the entire phagosome proteome, proteins appeared to be equally distributed between the decreasing (35%), transient (28%), and increasing clusters (33%) (Fig. 2A) . Leishmania is also presented in Supp. Fig. 3 .
We performed comparative genomics analyses among 61 taxa to identify the origin of the Chordata), as well as in adaptive immunity (Euteleostomi to mammals) are preferentially distributed to DRMs, suggesting that a complexification of these structures occurred during evolution (Fig. 6A) . Classification of proteins according to their main functional properties highlighted the acquisition of sets of membrane receptors and signaling molecules by DRMs during evolution (Fig 6B) . Remarkably, protein-protein interaction analyses revealed that although the DRMs proteins of ancient origin (phagotrophy) interact to a similar level with proteins present in DSMs or DRMs, those of more recent origin (innate and adaptive immunity) interact to a much higher level with proteins present in DRMs (Fig. 7A ). For example, figure 7B shows that the protein network assembled around the small GTPase Rac1, emerging in phagotrophic organisms, is equally made of proteins present in DRMs (squares) and DSMs (circles). In contrast the complex network assembled around integrin proteins including ITGA4, ITGA5, ITGB1, ITGB2, and ITGAM, that appeared with innate immunity, is almost entirely built with proteins present in DRMs. Altogether, these data strongly suggest that DRMs were either not present or much simpler in ancient organisms.
It is well established that gene duplication plays an important role in the emergence of novel functional properties by allowing one of the gene copies to mutate or to be reorganized extensively (65). Indeed, duplication of genes (paralogs) has been shown to contribute to the 20 complexification of organelles during evolution (66, 67). Our phylogenetic analyses identified 269 pairs of paralogs from the phagosome proteins present in our proteomics data. These analyses further indicated that a significantly higher proportion of the paralogs pairs had the two proteins in DRMs (43.9%). In contrast, only 16.4% of the paralogs pairs had both members in DSMs (Fig 8A) . Interestingly, distinct functional families of proteins were expanded in DRMs and DSMs (Fig. 8B) . These data suggest that gene duplication contributed to the complexification of DRMs.
Discussion
Studying the biogenesis of membrane organelles is hampered by the limitation of the fractionation procedures used to isolate these cellular structures at various stages of their formation. Nevertheless, phagosomes are particularly well-suited for this type of study. Indeed these organelles can be formed de novo after the internalization of large particulate materials, such as latex particles, enabling their isolation on a single sucrose gradient at precise points during their biogenesis. Considering the key roles played by phagosomes in both innate and adaptive immunity (43) , their thorough characterization is part of a strategy to gain unique insights into the molecular mechanisms regulating immune functions. The functional properties of phagosomes are acquired through a complex maturation process by which nascent phagosomes, formed at the cell surface, are transformed into phagolysosomes. Phagolysosome biogenesis has initially been described as a process occurring through time. Accordingly, different sets of proteins have been shown to associates with maturing phagosomes and assigned to early or late phagosomes (4, 5, 44) . More detailed analyses using proteomics led to the identification of a large group of proteins on phagosomes from different species and model organisms (6, 7, 35, 40, (45) (46) (47) (48) , providing unique insights into the potential functions of this organelle. One of the novel concepts derived from these studies was that phagosomes display membrane microdomains where specific proteins assemble (7, 10, 14) . This novel finding proposed that the V0 domain plays a direct role in membrane fusion (50) . The identification of trans-complexes between V0 domains in adjacent membranes showing the same dependence on inhibitors and activators as the fusion process itself led to the proposal that, after SNARE mediated docking, these transcomplexes promote the mixing of the lipid bilayers by virtue of the highly hydrophobic proteolipid subunits (50) . Interestingly, our results confirmed that the SNARE protein syntaxin 7 accumulates in late phagosomes (51) , supporting the notion that this enrichment occurs specifically in detergent-insoluble parts of the membrane. The role of the lipid environment as regulator of V-ATPase activity was addressed by Lafoucade and colleagues who concluded that the DRMs association increased the pump activity by promoting V1-V0 coupling (52) . Their results also indicated that the V1/V0 ratio increased during endosome maturation.
Our data indicate that the V1/V0 ratio also increases during phagosome maturation, as well as the enrichment of both complexes in lipid microdomains, suggesting that the pumping activity of the V-ATPase preferentially takes place in DRMs (Suppl. Table VI) . Other membrane maintenance proteins were also identified, such as several members of the annexin family. Whereas annexin A3, A4 and A11 were only identified in soluble fraction of the phagosome, annexin A1, A2 and A5 were also found in DRMs. Annexin A2 was reported to be located in lipid rafts (53, 54) , while annexin A11 (with A6 and A7) were found in azurophil granules of human neutrophils . Table II) . In some cases, interacting proteins present in DRMs (e.g. Galectin-1, Moesin, Leukosialin, Basigin, SHP substrate 1 and Tm 9 superfamily 2 which form a signalling network with CD47) were subsequently detected in soluble parts of the phagosome membrane, suggesting that modulation and/or termination of protein activity might also occur through a dynamic spatial reorganization.
In addition to Leishmania and Brucella mentioned above, Mycobacterium tuberculosis also appears to inhibit the assembly of these structures shortly after its internalization (13, 14, 60) . In the case of Leishmania, it was shown that this parasite alters several of the functional properties of phagosomes, including the ability of this organelle to fuse with late endosomes and lysosomes (61) . The inhibition of membrane fusion requires that the parasite surface molecule lipophosphoglycan (LPG) be targeted to membrane rafts at the phagosomal membrane (12) . LPG is also known to alter the generation of oxygen superoxides, and the integrity of the actin network surrounding phagosomes (62) . Interestingly, our data indicate that proteins involved in all of these functions, including proteins of the fusion machinery (SNARE and Rab protein), the NADPH oxidase subunits p22phox and gp91phox, as well as proteins involved in actin remodelling (e.g. actin, cofilin 1, profiling 1, formin-like 1, CapZ -1, actinin- 4) are present on DRMs at some points during phagosome maturation (see Suppl. Fig. 3 ). Hence, it is conceivable that Leishmania could disrupt multiple functions at once simply by altering the integrity of membrane microdomains. Descoteaux and colleagues suggested that LPG may impair the phagosomal recruitment of a newly identified exocytocis regulator, Synaptotagmin (Syt) V (63).
They showed that Syt V is normally recruited to GM1-containing microdomains, and that the 25 inhibition of this association by LPG prevents the normal maturation of phagosomes (acquisition of V-ATPase and Cathepsin D) (63) .
Our data also allowed us to perform the first large-scale comparative genomics analyses of the evolution of membrane microdomains. By comparing the origin of the proteins observed in DRMs and DSMs, the occurrence of gene duplication, and the nature of their protein-protein interaction networks, we were able to highlight several key features that might have governed the assembly of microdomains during evolution. Our data clearly indicate that the phagosomal proteins that emerged during evolution (from bilateria to mammals, compared to the most ancient proteins present in phagotrophic organisms such as amoeba) were directed to DRM structures, suggesting that evolution favored the assembly of these structures. Remarkably, while protein of ancient origin present in DRMs interacted to similar levels with proteins present in DRMs or DSMs, the DRMs proteins that emerged in bilateria (organisms such as drosophila were phagocytosis plays a key role in innate immunity) preferentially interacted with proteins present in DRMs. These data also support the proposal that the organization of membrane microdomains might have been favored by events that occurred during evolution. The advent of sterols in biological membranes is, without a doubt, one of the most important steps in the evolution of DRM structures (64) . A large diversity of sterol species is found among eucaryocytes.
Ergosterol and phytosterols are mainly observed in yeast and plants membranes, whereas in mammalian cholesterol is the main membrane-active sterol. It is proposed that increasing atmospheric oxygen concentrations were the driving force behind the diversification of the structure of sterol molecules and their transformation into cholesterol (64) (65) (66) . Figure 8 
